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A major issue in the characterization of photovoltaic modules is the limitation of the homogenously irradiated area provided by the
available sun simulators. Therefore the StepwiseMeasurement Procedure for the Characterization of Large-area PV Modules (SMP) was
developed recently. This concept enables the characterization of modules with aperture areas larger than the area provided by a given sun
simulator. In previous investigations the procedure demonstrated good applicability and high accuracy. In a real application environ-
ment, however, conditions like temperature and stray light might inﬂuence the measurement. Also, particular variations within a module
like e.g. defective cells may lead to higher uncertainties for the results of the SMP. Therefore, an investigation of the impact of these
factors on the accuracy of the procedure is performed. The results show that the impact of most factors can be minimized and even elim-
inated. Therefore, recommendations for the practical application are given.
 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).
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The current–voltage (I–V) measurement of illuminated
PV modules represent one of the most important character-
ization methods in photovoltaics. The most signiﬁcant
parameter extracted from the I–V curve is the maximum
power point (PMPP). This quantity is needed to determine
the eﬃciency of the module, and is the principal selling fea-
ture for PV modules. To determine the PMPP, usually the
modules are either illuminated with natural sunlight out-
doors, or with sun simulators indoors. Indoor measure-
ments have the principal advantage of being independent
of daily, seasonally and weather dependent changes in the
total and spectral irradiance as well as in the ambient tem-http://dx.doi.org/10.1016/j.solener.2015.12.038
0038-092X/ 2016 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativec
⇑ Corresponding author.
E-mail address: christoph.rapp@ise.fraunhofer.de (C. Rapp).perature. The stable indoor conditions allow for short mea-
surement times and a high reproducibility of the
measurement. Over the past few years, the surface areas
of PV and especially of concentrator PV (CPV) modules
have constantly increased. This led to high investment
and development costs for the enlargement of sun simula-
tors. In the case of CPV, the discrepancy between the mod-
ules’ surface areas (of up to 45 m2 (Plesniak and
Garboushian, 2011)) and the sun simulator’s aperture area
(largest for CPV applications: 2.5 m2 (Mathiak et al.,
2014)) became so high that a comparable enlargement of
the illuminated area is hardly possible. To solve this prob-
lem, the ‘‘Stepwise Measurement Procedure (SMP) for the
Characterization of Large-area PV Modules” has been
introduced in Rapp et al. (2015). This procedure allows
for the characterization of modules with aperture areas lar-
ger than the illuminated areas provided by sun simulators.ommons.org/licenses/by-nc-nd/4.0/).
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tion of the full module area and simultaneous measurement
of the resulting I–V curves – without the necessity of con-
tacting the illuminated subunits of the module directly.
With these I–V curves measured under partial illumination
and the additionally measured dark I–V-curve, the I–V
curve of the fully illuminated module can be calculated.
In Rapp et al. (2015), the theoretical background of the
procedure was derived and applied on modules with diﬀer-
ent cell interconnection schemes. The comparison of the
I–V curves of the module under full illumination with the
calculated I–V curves using the SMP, showed a very good
agreement in the characteristic I–V parameters like ISC and
PMPP. However, during the laboratory or industrial inline
application of the procedure, conditions such as tempera-
ture and stray light might change. Also, the cells within a
module can be of diﬀerent production quality and may
even include single defective cells. This could invalidate
an assumption which was made in the derivation of the for-
mula to calculate the module’s I–V curve (Rapp et al.,
2015, eq. 9) and thus lead to an error in the result of the
SMP. To research the eﬀect of these perturbing factors
on the accuracy of the SMP, a sensitivity analysis concern-
ing changes in temperature, stray light, and cells with
non-ideal characteristics like high RS and small RP is pre-
sented. This analysis additionally shows what needs to be
considered at the practical application of the procedure
to minimize or even eliminate most of these aforemen-
tioned inﬂuences.
Firstly in this paper, a simulation model is introduced,
which enables to simulate I–V curves of fully and partially
illuminated CPV modules. This model is based on a tem-
perature dependent SPICE (Simulation Program with
Integrated Circuit Emphasis, LTSpice, 2007) network
model, which has been validated previously with measured
data sets (Steiner et al., 2010, 2011). The I–V curves which
are typically measured during the SMP (n partially illumi-
nated and one dark I–V curve) can therefore be simulated.
Using those curves, the I–V curve of the illuminated
module can be calculated and compared with the simulated
I–V curve under full illumination of the module. For mod-
ules with diﬀerent cell interconnection schemes, a diﬀerent
manifestation of the individual eﬀects under investigation is
expected. Therefore, the study is performed on three
diﬀerent interconnection schemes, which cover a wide spec-
trum of possible cell interconnections.
2. Model description
2.1. General modeling approach to simulate CPV modules
Network simulations are a popular approach to simu-
late the I–V characteristics of multi-junction solar cells
and modules (Steiner et al., 2011; Ota and Nishioka,
2012; Lv et al., 2015). The validated SPICE network model
used in this work is described in Steiner et al. (2012) and is
extended by the implementation of temperature dependentbypass diodes. The determination of the required cell
parameters used in this model is explained in Steiner
et al. (2010, 2011). In the following, the simulation of a lat-
tice matched triple-junction (3J) solar cell including a
bypass diode is illustrated. Through interconnection of
many 3J cells, a suitable tool for the simulation of CPV
modules with diﬀerent interconnection schemes is given.
2.1.1. Simulation of a triple-junction cell
In Fig. 1, the electrical circuit of a 3J solar cell including
a bypass diode is shown. In the model, the current density
of each sub cell J iðV ; T Þ is described by the two diode
model, including a current source JPh;i for the photo gener-
ated current density:
J iðV ; T Þ ¼ JPh;i  JN;i  JD;i; ð1Þ
J iðV ; T Þ ¼ JPh;i  J 01;iðT Þ exp qVkBT
 
 1
 
 J 02;iðT Þ exp qV
2kBT
 
 1
 
ð2Þ
Here, the index i identiﬁes the single sub cells: i ¼ 1 top,
i ¼ 2 middle and i ¼ 3 bottom. In Eq. (2), J 01;iðT Þ is the
dark saturation current density, which in combination with
the exponential function describes the recombination cur-
rent in the neutral region JN;i. The dark saturation current
density J 02;iðT Þ in combination with the exponential func-
tion describes the recombination current in the depletion
region JD;i.
As the dark I–V curves for our purpose are simulated to
be temperature dependent, the dark saturation current den-
sities J 01;iðT Þ and J 02;iðT Þ are modeled as introduced by
Reinhardt et al. (1995):
J 01;iðT Þ ¼ ki1T 3exp Egap;iðT Þ  DEgap;ikBT
 
ð3Þ
J 02;iðT Þ ¼ ki2T 5=2exp Egap;iðT Þ  DEgap;i
2kBT
 
ð4Þ
The parameters ki1; ki2 and DEgap;i were taken from Steiner
et al. (2012), where they were estimated by ﬁts to measured
dark J–V curves of lattice matched 3J cells.
The temperature dependence of Egap;iðT Þ is implemented
according to Varshni (1967):
Egap;iðT Þ ¼ Ei0 /iT
2
T þ bi
ð5Þ
Here, the parameters Ei0;/i and bi for the Ga0.50In0.50P,
Ga0.99In0.01As and Ge sub cells were taken from
Levinshtein et al. (1996, 1999).
The series resistances of the solar cells are considered in
the model as one lumped resistance with RS ¼ 20 mX cm2.
This means that the series interconnections between the sub
cells are assumed to be ideal, without the presence of tunnel
diodes. Normally, the parallel resistance for commercial
solar cells is very high and thus is assumed to be
RP ¼ 1. In our simulation, every series connected solar cell
Fig. 1. Electrical structure of a 3J solar cell. The three sub cells are simulated using the two diode model with a lumped series resistance RS and a shunt
resistor RP in parallel. The ﬁgure also shows the usage of a bypass diode with current density JB, which is implemented in the simulation using the one
diode model.
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often the case for CPV modules. The current density of
the bypass diodes JBðV ; T Þ is expressed by the one diode
model
JBðV ; T Þ ¼ J 0;BypassðT Þ exp  qVn1kBT
 
 1
 
; ð6Þ
with n1 ¼ 1:0045 and a ﬁt function for J 0;BypassðT Þ. The lat-
ter is derived out of measured dark I–V curve data (see
Fig. 2). It is assumed that the parallel resistance for the
bypass diode is RP ¼ 1.2.1.2. Simulation of a CPV module
For the subsequent performed case study, three CPV
modules with diﬀerent interconnection schemes, shown in
Fig. 3, are simulated. The serial module consists of 72 series
connected 3J solar cells. Each of them is connected with a
bypass diode in parallel. The mixed module comprises of
two parallel strings of 36 series connected solar cells, again
connected with bypass diodes in parallel. The parallel
module consists of 72 parallel connected solar cells. Because290 300 310 320 330 340
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Fig. 2. Temperature dependent saturation current density of the bypass
diode which was determined from a ﬁt to measured dark I–V data.of the parallel interconnection of cells, no bypass diodes
are included.
Cells within modules typically show slightly varying out-
put currents. This can be explained by diﬀerences in the
production quality of the cells and/or concentrator lenses.
In the simulation, this can be modeled using a GaussianFig. 3. Interconnection of 3J solar cells in three diﬀerent module types: A
serial module consisting of 72 series connected solar cells; a mixed module
comprising of two parallel strings of 36 series connected solar cells; a
parallel module consisting of 72 parallel connected solar cells. In contrast
to the serial and mixed case, no bypass diodes are present at the parallel
case. The dashed box indicates the choice as subunits at the procedure.
Table 1
The mean JPh;i (one-sun) used for the simulation for the top, middle and
bottom sub cell of a lattice-matched 3J cell.
Sub cell i Mean JPh;i (1-sun) [mA/cm
2]
Top 1 14.6
Mid 2 14.9
Bot 3 20.8
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ues of the one-sun current densities used in the simulation
can be found in Table 1. A standard deviation of
r ¼ 0:25 mA/cm2 is assumed for all three sub cells.2.2. Stepwise measurement procedure
In this section, the stepwise measurement procedure is
explained concisely. The detailed explanation can be found
in Rapp et al. (2015). Here, the SMP is divided into three
tasks:
(i) Segmentation of the modules into subunits,
(ii) Stepwise illumination and measurement of the
modules,
(iii) Calculation of the module’s illuminated I–V curve.
In the following, each of the above steps is explained and
applied by means of simulation for each of the three types
of CPV modules.
(i) Segmentation of the modules into subunitsThe aperture area of the module is segmented into smal-
ler subunits, which ﬁt within the illumination area of the
simulator. The actual segmentation process and the criteria
that have to be fulﬁlled are explained in more detailed in
Rapp et al. (2015). In Fig. 3, for each module type, the
choice of subunits is marked with a dashed box, i.e. six sin-
gle cells represent one subunit. Thus, the modules can be
expressed by the selected subunits. Fig. 4 deﬁnes theFig. 4. A general module type with p parallel and s series connected subunits.
location of the subunit in the serial string(s); l denotes the location of the subnomenclature for the subsequent calculations. Notably,
the serial module now consists of 12 series connected sub-
units (Case 1 with s ¼ 12 and p ¼ 1), the parallel module
of 12 parallel connected subunits (Case 2 with s ¼ 1 and
p ¼ 12) and the mixed module of 2 parallel strings of 6 ser-
ies connected subunits (Case 1 with s ¼ 6 and p ¼ 2).(ii) Simulation of the stepwise illumination and measure-
ment of the modulesFor every module type, the simulation follows the same
steps: The module’s I–V curve is simulated whereby the
ﬁrst subunit is illuminated while all others are shaded.
The I–V curve obtained from this simulation is referred
to as the partially illuminated (PI) I–V curve of the ﬁrst
subunit IPI½1;1. The partially illuminated I–V curves of all
subunits IPI½k;l with k 2 f1; . . . ; sg and l 2 f1; . . . ; pg are
successively simulated. Additionally, the dark I–V curve
of the full module ID is simulated. Fig. 5 shows the 12 sim-
ulated partially illuminated (solid lines) and the simulated
dark I–V curve (solid line, marked with squares) for the
serial, parallel and mixed module types.(iii) Calculation of the modules’ illuminated I–V curvesThe derivations of the formulas for the two cases
illustrated in Fig. 4 are presented in Rapp et al. (2015,
p. 4-5). For the cases of series and mixed interconnection
schemes, the formula to calculate the illuminated I–V
curve is
I IðV Þ¼
Xp
l
Xs
k
IPI½k;l p1
p
 ID
 1" #
ðs1Þ  I
D
p
 1" #1
; ð7Þfor the parallel module
I IðV Þ¼
Xs
k
Xp
l
V PI½k;l  s1
s
V D
 1" #
ðp1Þ  V
D
s
 1" #124
3
51:
ð8ÞEvery subunit is clearly identiﬁed by the two indices k and l:k denotes the
unit in the parallel string(s). The total number of subunits is n ¼ s  p.
Fig. 5. The simulated partially illuminated (solid lines) and dark I–V curves (solid lines, marked with squares) for a module consisting of parallel
interconnected subunits, series interconnected and one with mixed interconnections. Using the simulated dark and partially illuminated I–V curves, the I–
V curve of the illuminated module (solid line, marked with triangles) is calculated and can be compared with the simulated ‘‘standard” I–V curve (dashed
line), when the module is fully illuminated.
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which a function f : A ! B can be converted to
f 1 : B ! A. It has to be noted that in the derivation of
both equations it was assumed that every string of subunits
has the same dark I–V curve.
For each of the three cases, the equations can be
adapted by choosing s and p as deﬁned in the segmentation
process. Fig. 5 shows the calculated I–V curves of the SMP
(solid lines, marked with triangles) for the three module
types. These can be compared with the simulations of the
fully illuminated module (dashed lines), which will here-
inafter be referred to as the ‘‘standard” curve.
3. Influence of measurement conditions on the accuracy of
the SMP
In a realistic application environment, conditions like
temperature, stray light and cell characteristics within the
modules might change. In the following sections, the inﬂu-
ence of these factors on the accuracy of the SMP is
investigated.
3.1. Influence of temperature variation during the SMP
For the SMP, n partially illuminated and one dark
I–V curve have to be measured. During the measurement
process, a small change in room temperature and thus of
the module can occur. Since the temperature is always dif-
ferent over time, an emphasis is placed on the case wherethe biggest inﬂuence on the accuracy is expected. Perform-
ing some mathematical steps on Eqs. (7) and (8), it can be
found that the extreme case is present when all partially
illuminated I–V curves IPI½k;l are measured at one tempera-
ture level and the dark I–V curve ID at a deviating level. In
the following, the eﬀect of this temperature change on the
calculated I–V curve of the module using the SMP is
researched.
Fig. 6 shows the temperature dependent simulation
results for the three diﬀerent interconnected modules. The
solid curves indicate the calculated I–V curves using the
SMP. DT denotes the temperature change between the sim-
ulation of the partially illuminated I–V curves (always sim-
ulated at 25 C) and the dark I–V curves (simulated at
25 Cþ DT ), which were used for the calculation. The
dashed line shows the ‘‘standard” simulation of the fully
illuminated module at 25 C.3.1.1. Parallel interconnection
In Fig. 6, the top left I–V curves show the case of a mod-
ule consisting of parallel interconnected subunits. Simulat-
ing a rising temperature DT > 0 K between the partially
illuminated (25 C) and the dark I–V curves (>25 C), the
calculated I–V curves using the SMP shift to larger volt-
ages. This can be explained by a dropping knee voltage
(when the diode starts to conduct) and thus by a larger neg-
ative current of the dark I–V curve for rising temperatures.
Adapting Eq. (8) for the present case (p ¼ 12 and s ¼ 1)
Fig. 6. The eﬀect of a changing temperature during the SMP is investigated. The solid lines show the results of the SMP for diﬀerent temperature changes
(during the procedure). They can be compared with the ‘‘standard” simulation at 25 C. A rising temperature between the measurement of the partially
illuminated and dark I–V curves leads to a shift of the calculated I–V curves to larger voltages (parallel case), to singularities (serial and mixed case) and
even to undeﬁned domains (mixed case). The same behavior can also be observed in the P–V curves at the right column.
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X12
l
IPI½1;l  11  ID; ð9Þ
one can see that the subtraction of a larger negative ID
leads to a larger I IðV Þ. This eﬀect can also be observed in
the P–V characteristics (Fig. 6, top right). Thus, this tem-
perature eﬀect leads to an error of DV OC=DT ¼ 1:3%=K
and DPMPP=DT ¼ 1:6%=K, whereas the ISC is not aﬀected.
3.1.2. Serial interconnection
For a module consisting of only series connected solar
cells, the simulation at a stable temperature of 25 C shows
the same results between the SMP and the ‘‘standard” sim-
ulation (Fig. 6, bottom left). Simulating an increasing tem-
perature diﬀerence between the partially illuminated I–V
curves and the dark I–V curves, a singularity around theVOC of the calculated I–V curves arises: the I–V curves
above I ¼ 0 A are shifted to a smaller voltage and the
curves below I ¼ 0 A are shifted to larger voltages. To
explain this eﬀect, Eq. (7) is adapted for the serial case
(s ¼ 12 and p ¼ 1) and written as a voltage function
V IðIÞ ¼
X12
k
½IPI½k;11  11  ½ID1: ð10Þ
Above I ¼ 0 A, the higher temperatures lead to a smaller
negative knee voltage of ID (respectively the bypass diodes)
and thus to a smaller voltage V IðIÞ. Below I ¼ 0 A, the
higher temperatures lead to a smaller positive knee voltage
of ID and thus to a larger Voltage V IðIÞ.
Again, these eﬀects can also be observed in the P–V
characteristics. Thus, a changing temperature leads to an
102 C. Rapp et al. / Solar Energy 127 (2016) 96–108error of DV OC=DT ¼ 1:4%=K and DPMPP=DT ¼ 1:8%=K,
whereas the ISC is hardly aﬀected.
3.1.3. Mixed interconnection
As this module comprises of parallel and series intercon-
nections, the eﬀects of both interconnection types can be
observed in Fig. 6, middle. Above I ¼ 0 A the temperature
impact of both interconnection types are opposite, for which
the eﬀect for the mixed interconnection is smaller. For PV in
general, the region of negative voltage and negative current
of the I–V curve are normally not of great interest. For the
sake of completeness, it is noted that the undeﬁned domains
at negative voltages and negative currents can be explained
by non-monotonous I–V curves. These occur during the
summation of the two parallel strings in Eq. (7). In these
domains, no I–V curve can be calculated. Here, one possibil-
ity is to divide the non-monotonous curves intomonotonous
sections where the I–V curve can be calculated. If this is not
possible, undeﬁned domains will occur. At this mixed inter-
connection, the changing temperature leads to an error of
DV OC=DT ¼ 0:66%=K for I > 0 A and DPMPP=T ¼
0:7%=K, whereas the ISC is hardly aﬀected.
3.1.4. Conclusion
This investigation shows that a temperature change dur-
ing the measurement of the various I–V curves which are
needed for the SMP could lead to signiﬁcant deviations
in the calculated I–V curves. The biggest impact can be
found near the VOC. The PMPP is less and the ISC mostly
unaﬀected. The maximum error for the PMPP corresponds
to a module with series interconnections, and is determined
to be DPMPP=DT ¼ 1:8%=K. Thus, an important factor for
the practical application of the procedure is to keep the
temperature stability better than 1 K. However, it has to
be noted that the extreme case was investigated, which
means that the impact for real temperature proﬁles will
always be lower.Illuminated subunitShaded subunit
d)
Fig. 7. Illustration of constant and varying light, which can occur when a CPV
subunits are shaded. Misaligned apertures can lead to a light leakage onto n
subunits, diﬀerent cells get aﬀected by this varying light. Constant stray ligh
coverages (c) and light leakages (d). For each partially illumination (of diﬀere3.2. Influence of stray light
The inﬂuence of stray light on the accuracy of the SMP
is investigated. Therefore we distinguish between two types
of stray light. The main characteristic of the ﬁrst type is
that at each partially illumination, its inﬂuence on the solar
cells of the shaded subunits is constant. On the contrary to
that, the intensity and location (within the module) of the
second type of stray light changes at each partially
illumination.
The ﬁrst type will be called constant stray light. Possible
origins of constant stray light are sketched in Fig. 7. Here,
imperfect shading (respectively partly transparent) cover-
ages (c) or – e.g. for modules with a glass frame – light, that
leaks sideways into the module (d) lead to a illumination of
the shaded solar cells. Irrelevant which subunit is illumi-
nated, the intensity and location of this type of stray light,
is assumed to stay the same at each illumination step
during the stepwise illumination process.
The second type will be called varying light. Like illus-
trated in Fig. 7(b), this can be caused by for example, a
misalignment and inaccuracies of the aperture which
detaches the illuminated subunit from the surrounding
shaded subunits. Thus cells which are in the neighborhood
of the illuminated subunit might get illuminated during the
measurement of the partially illuminated IV curves. Main
characteristic of this type of light is, that its location within
the module changes for each step of the partially illumina-
tion process.
3.2.1. Constant stray light
For the simulation of the partially illuminated I–V curves,
stray light of cstray ¼ 1% (which corresponds to very poorly
shading coverages) is assumed to leak constantly into all
shaded subunits (Figs. 7(c) and 8, left). For the calculation
of the illuminated I–V curve, two cases concerning the dark
I–V curve are now investigated: In case (i) the dark I–V curveShaded subunit
b) c)
module is partially illuminated. A subunit (a) is illuminated, while all other
eighboring cells of shaded subunits (b). At the illumination of diﬀerent
t can for example be caused by imperfect shading (partially-transparent)
nt subunits), the inﬂuence on the shaded cells is assumed to be constant.
(i) (ii)
Fig. 8. To exemplify the inﬂuence of constant stray light, an illuminated module with covered subunits is shown. Left: Because of e.g. non-perfect
coverages, light might leak into the shaded subunits during the partial illumination. For the measurement of the dark I–V curve, two ways are conceivable:
(i) the module is perfectly shaded (true darkness), or like shown in (ii), the module is exposed to the same stray light inﬂuence compared to the shaded
subunits at the partially illumination (left). In the last case the module is covered by the shading and also illuminated by the sun simulator.
C. Rapp et al. / Solar Energy 127 (2016) 96–108 103of the perfectly shadedmodule (Fig. 8(i)) is used to calculate
the illuminated I–V curve. In (ii) as ‘‘dark” I–V curve, an I–V
curve with the same stray light influence as occurred in the
(shaded areas) at the partially illumination (Fig. 8(ii)) is
used. Thatmeans, the same shading as at the partially illumi-
nation covers the whole module, which is then illuminated
by the sun simulator. This I–V curve will be called ‘‘dark”
I–V curve with stray light inﬂuence.
Fig. 9 shows the simulated I–V curves of the three diﬀerent
module types using the SMP (solid lines) and the ‘‘standard”
method which is simulated without any stray light inﬂuence
(dashed). The SMP is calculated ﬁrstly using (i) the perfectly
shaded dark I–V curve, and secondly using (ii) a ‘‘dark” I–
V curve which is inﬂuenced by the constant stray light.
3.2.1.1. Parallel Interconnection.
(i) For the module with parallel interconnection, the cal-
culation of the illuminated I–V curve using the SMP
with a perfectly shaded dark I–V curve shows a much
higher current compared to the ‘‘standard” procedure
(see Fig. 9, top left). With reference to Eq. (8) and
including stray light, it can be determined that the
ISC using the perfectly dark I–V curve for the SMP
is: ISC ¼ ISC þ ðp  1Þ  0:01  ISC. Therefore, the stray
light into the ðp  1Þ subunits leads to an error of
DISC ¼ ðp  1Þ  cstray and thus to an error in the max-
imum power point of approximately
DPMPP  ðp  1Þ  cstray.
(ii) If the ‘‘dark” I–V curve with stray light inﬂuence is
used in the calculation (see Fig. 9, top left), the
inﬂuence of the constant stray light is completely
eliminated. Thus, in this case, the SMP perfectly
reproduces the results of the ‘‘standard” method.
3.2.1.2. Serial and mixed interconnection.
(i) Using a perfectly shaded dark I–V curve for the cal-
culation of the SMP, deviations to the ‘‘Standard”
I–V curve around the VOC can be observed (Fig. 9,middle and bottom). For the mixed case, minor devi-
ations of around 1% between the calculated I–V
curve (solid, blue) and the ‘‘standard” I–V curve
(dashed, black) are also visible around the ISC and
PMPP.
(ii) If at the SMP a ‘‘dark” I–V curve with stray light
inﬂuence is used, the stray light eﬀect gets eliminated
and the I–V curve perfectly ﬁts to the ‘‘standard” I–V
curve.3.2.2. Varying light
The previous examination demonstrates that only the
parallel interconnection in combination with a fully shaded
dark I–V curve shows signiﬁcant deviations in the ISC and
PMPP. The series and mixed cases, however, only show a
minor inﬂuence at the maximum power point. Therefore,
the impact of varying light on the parallel conﬁguration
is analyzed.
To illustrate the origin of varying light, Fig. 10 shows
the illuminated section of a partially illuminated module.
Here, a misaligned and inaccurate aperture leads to an illu-
mination of adjacent Fresnel lenses and thus, like illus-
trated in Fig. 7, to a direct illumination of adjacent cells.
The detailed impact of this adjacent light on the partially
illuminated I–V curves, however, is strongly dependent
on the cell interconnection within the subunits:
If the subunits consist of parallel interconnected solar
cells, it can be approximated, that the ISCs of the partially
illuminated I–V curves scale with the fraction of stray light
in adjacent areas IPI½1;lSC;stray ¼ IPI½1;lSC ð1þ Aadj=A0Þ (see Fig. 10).
With regard to Eq. (9) this results in a relative overestima-
tion of the calculated module parameters of about
DISC  DPMPP  Aadj=A0.
If the subunits consist of series connected solar cells, the
illumination of one neighboring cell could already strongly
aﬀect the ISC of the partially illuminated I–V curve and
thus, the ISC of the calculated I–V curve of the module.
Fig. 9. The eﬀect of constant stray light on the I–V and P–V curves using the SMP is illustrated. (i) The solid blue lines show the results of the SMP when
the measurements of the partially illuminated I–V curves are aﬀected by 1% stray light, whereas the dark I–V curve is measured perfectly dark. In this case
strong deviations to the ‘‘standard” I–V curve can be observed. (ii) If at the calculation a dark I–V curve with stray light influence is used, the resulting I–V
curve using the SMP (solid green) perfectly ﬁts to the ‘‘standard” simulation (dashed black). (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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cells of the neighboring subunits get illuminated.
Irrelevant which interconnection scheme is present, the
upper limit of the impact on the modules power can be
approximated by Eq. (A8) which is derived in Appendix
A section:
PMPP;stray 6 PMPP  ð1þ Aadj=A0Þ: ðA8Þ
Here, the induced deviation depends on the (mean) illumi-
nated adjacent area Aadj and the Area of one subunit A0 (see
Fig. 10).
To assess the induced error, an example module with
typical parameters is researched. The surface area of a sub-
unit is assumed to be A0  1 m2 (which is ideally the size of
the sun simulator’s aperture). The illuminated adjacentarea caused by a 0.2 cm misalignment of the aperture
would be Aadj ¼ 4  100 cm  0:2 cm. The SMP on this mod-
ule (with an arbitrary subunit interconnection) would cause
a maximal error in the PMPP of DPMPP 6 Aadj=A0 ¼ 0:8%. If
the subunits are interconnected in parallel the maximal
deviation in ISC would be also DISC 6 Aadj=A0 ¼ 0:8%.3.2.3. Conclusion
To investigate the inﬂuence of stray light on the result of
the SMP, it was distinguished between constant stray light
and varying light. The eﬀect of constant stray light can be
fully eliminated, if at the calculation a dark I–V curve with
stray light inﬂuence is used. This can be explained by the
fact that if the same stray light is present in the measure-
ment of the partially illuminated I–V curves and in the
Fig. 10. The section of a partially illuminated subunit of a module is
shown. The inner subunit is illuminated, while the outer subunits are
shaded. Inaccuracies and misalignments of the aperture which detaches
the shaded subunits from the illuminated one lead to a propagation of
light in surrounding Fresnel lenses and thus into surrounding solar cells.
In this example light propagates into the adjacent area of the 4
surrounding subunits with a total area of Aadj.
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bution gets eliminated in the calculation. Contrary to this
case, it cannot be prevented from the inﬂuence of varying
light on the ISC and PMPP of a module with parallel inter-
connected subunits (the ISC and PMPP of a module with ser-
ies subunits however stays unaﬀected). Here it has to be
mentioned that the detailed error in ISC and PMPP strongly
depends on the cell interconnection within the subunits. At
the practical application, therefore, it is recommended to
perform an error estimation for each individual case. A
general estimation however illustrated, that the maximal
relative error in the calculated power is DPMPP 6 Aadj=A0.
Here Aadj represents the area which is illuminated by adja-
cent light, and A0 the surface area of one subunit. In the
investigated example this lead to an error of
DPMPP 6 0:8%. To minimize deviations which are induced
by varying light, exact apertures and a precise alignment
process has to be used.3.3. Influence of module defects
In the derivation of Eq. (7), it was assumed that if a
module consists of more than one string of subunits, each
string has the same dark I–V curve (Rapp et al., 2015, p.
5, eq. 8-9). The same was assumed in the derivation of
Eq. (8) (Rapp et al., 2015, p. 5, eq. 11-12). However, cells
within modules can have variable cell parameters and can
sometimes even have defects. This would lead to an inval-
idation of this assumption, and thus could result in an error
in the calculated I–V curve. To research the impact of sucha break of the assumption, the eﬀects of module defects on
the results of the SMP must be investigated. In this analy-
sis, two types of defects are studied: a module which con-
tains one cell with a high RS and a module which
contains one cell with a low RP. For all other cells within
the module, RP ¼ 1 and RS ¼ 20 mX cm2 are assumed,
as in the previous cases. Fig. 11 for the RS and Fig. 12
for the RP investigation show the simulated I–V curves
for the diﬀerent resistance values using the SMP (solid)
and the ‘‘standard” simulation (dashed).3.3.1. Parallel and serial interconnection
In the parallel and series cases, for each RS and RP
value, no deviation between the I–V curves using the
SMP and the ‘‘Standard” simulation are observed, as illus-
trated in the top and bottom Figs. 10 and 11.3.3.2. Mixed interconnection
In the case of mixed interconnections, minor deviations
for I > 0 are visible (see enlarged section of Fig. 11, mid-
dle). At negative currents, which normally are not of a
great interest in the characterization, also undeﬁned
domains occur. This can be explained by the fact that a
module with mixed interconnections consists of more than
one string of subunits. In this case, the dark I–V curve of
the string which contains the ‘‘deviating” cell diﬀers from
the other one. Consequently, the assumption that the dark
I–V curve of each string consists of a fraction of the mod-
ule’s whole dark I–V curve is no longer valid, and thus
leads to slight deviations near the VOC (see middle Figs. 10
and 11). The ISC and PMPP values however, are not
aﬀected.3.3.3. Conclusion
This investigation shows that, in the case of a module
consisting of more than one string of subunits, module
defects can have an inﬂuence on the results of the SMP.
These deviations are marginal and can be mainly observed
near the VOC, whereas the ISC and PMPP are not aﬀected.
To avoid this deviation, the module should be segmented
into a conﬁguration with just one string of subunits during
the segmentation step. If this is not possible, another
opportunity is to estimate the VOC by interpolation over
the undeﬁned domain.4. Summary and recommendations
In this paper, the impact of perturbing factors like a
temperature variation (during the measurement process),
stray light and module defects (high RS and low RP) on
the results of the Stepwise Measurement Procedure
(SMP) was investigated. This study is based on a validated
temperature dependent SPICE network model, which can
simulate the I–V curves needed for the SMP. Subsequently,
these dark and partially illuminated curves were used for
the calculation of the I–V curves of the illuminated
Fig. 11. The current–voltage characteristics of a module for diﬀerent RS values of one ‘‘deviating” cell are shown. The marked sections are shown enlarged
at the right column. All other cells are simulated with RS ¼ 20 mX cm2. The solid lines show the calculated I–V curves using the SMP for diﬀerent RS
values. The dashed lines show the ‘‘standard” simulation under full illumination of the module for the same resistance values. The comparison between the
SMP (solid) and the ‘‘standard” method (dashed) show no deviations for the series and parallel case, whereas for the mixed case, undeﬁned domains and
deviations around the VOC can be observed (see middle, right).
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pared with the ‘‘standard” simulation, which is the simula-
tion under full illumination of the whole module. This
comparison showed that a changing temperature of the test
device during the measurement has an inﬂuence on the
results of the SMP. Deviations were observed mainly near
the VOC but also close to the PMPP. The maximum devia-
tion for the PMPP, which is the most interesting parameter
for the SMP, is DPMPP=DT ¼ 1:8%=K. Therefore, the tem-
perature of a module must be kept as stable as possible
during the measurements for the SMP. For the stray light
investigation, we distinguished between constant stray light
(which occurs at each partially illumination) and varying
light (which changes at each partially illumination). It
was determined that the impact of constant stray light
can be eliminated. For this, as ‘‘dark” I–V curve, just an
I–V curve with the same stray light inﬂuence (comparedto the shaded areas at the partially illumination) has to
be used at the calculation of the SMP. From the impact
of varying light however cannot be prevented. This can
for example be caused by aperture inaccuracies and
misalignments at the shading process. A general estimation
showed that the maximal error in PMPP is dependent on the
fraction of the area which is (because of a bad aperture)
outshined Aadj and the surface area of one subunit A0:
DPMPP 6 Aadj=A0. The detailed impact of this adjacent light
on the I–V parameters, however, is strongly dependent on
the cell interconnection within the subunits and has to be
estimated in each individual case. By using exact apertures
and a precise alignment, this error can be reduced further.
The investigation on how module defects inﬂuence the
results of the SMP showed that for modules which are
segmented into just one string of either series or parallel
interconnected subunits, no deviations are found. Modules
Fig. 12. The current–voltage characteristics of a module for diﬀerent RP values of one ‘‘deviating” cell are shown. The marked sections are shown enlarged
at the right column. The solid lines show the calculated I–V curves using the SMP, the dashed lines using the ‘‘standard” simulation. For the series and
parallel case again no deviations compared to the ‘‘standard” simulation occur. At the mixed case for rising RP values, undeﬁned domains and deviations
around the VOC arise (see middle, right).
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can have minor deviations caused by cell variations and
defects. But those mainly arise near the VOC, whereas the
PMPP remains unaﬀected. To gain highest precision of the
results from the procedure, the module should be seg-
mented into just one string of subunits to avoid this eﬀect.
If this is not possible, the VOC can be estimated by interpo-
lation over the undeﬁned domain.
Additionally to this electrical investigation it should be
mentioned, that also the mechanical realization of such a
solar simulator for large CPV modules can present some
challenges. Here, either the module or the sun simulator
itself has to be moved by a x–y stage construction. During
this translation, the angle between the sun simulator and
the CPV module, however, has to be as unaﬀected as
possible. This is a prerequisite to minimize distortions
caused by misalignment.Acknowledgements
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Appendix A
The inﬂuence of varying light on a module with a
parallel subunit interconnection is investigated. At each
partially illumination step l, the measured I–V curve
IPI½1;l gets overestimated by the inﬂuence of varying stray
108 C. Rapp et al. / Solar Energy 127 (2016) 96–108light (see Fig. 10). The detailed impact on the maximum
power point PPI½1;lMPP;stray (of each partially illuminated I–V
curve with varying stray light), however, is just deter-
minable, if the I–V curves of the i adjacent subunits with
stray light I strayi (with i 2 f1; . . . ; s  pg n l) are known:
PPI½1;lMPP;stray ¼ max IPI½1;lstray  V
 
¼ max IPI½1;l  V þ I stray1  V þ I stray2  V þ . . .
 
:
ðA1Þ
The upper limit of this term, however, can be estimated by
writing:
PPI½1;lMPP;stray 6 maxðIPI½1;l  V Þ þmax I stray1  V
 |ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
P1
þmax I stray2  V
 |ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
P2
þ . . . ðA2Þ
Assuming that the power of all surrounding subunits
P 1; P 2; . . . can be expressed by the power of the partially
illuminated subunit PPI½1;lMPP in combination with a scaling
factor which just depends on the fraction of the illuminated
adjacent area Aadj;i;l of each subunit i compared to the total
area A0 of a subunit, Eq. (A2) turns to:
PPI½1;lMPP;stray 6 P
PI½1;l
MPP þ PPI½1;lMPP  Aadj;1;l=A0 þ PPI½1;lMPP
 Aadj;2;l=A0 þ    ðA3Þ
Using the total adjacent area which is aﬀected by the stray
light Aadj;l ¼ Aadj;1;l þ Aadj;2;l þ   , the PMPP of the l-th par-
tially illuminated I–V curve can be written as:
PPI½1;lMPP;stray 6 P
PI½1;l
MPP  1þ
Aadj;l
A0
	 

: ðA4Þ
Now, Eq. (9) which describes the I–V curve of a parallel
module, can be modiﬁed by multiplying with VMPP to an
equation of the Power:
PMPP;stray ¼
X12
l
PPI½1;lMPP;stray  11  PD: ðA5Þ
Inserting Eq. (A4) we get:
PMPP;stray 6
X12
l
PPI½1;lMPP  11  PD|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
PMPP
þ
X12
l
PPI½1;lMPP
 Aadj;l=A0: ðA6Þ
Assuming, that at each partially illumination l the same
area Aadj;l ¼ Aadj gets outshined, we get:
PMPP;stray 6 PMPP þ Aadj=A0
X12
l
PPI½1;lMPP : ðA7ÞNow, the right side of this term is enlarged by adding
11  jPDj  Aadj=A0. As the power of the dark I–V curve is
negative: sgnðPDÞ ¼ 1, Eq. (A7) turns to
PMPP;stray 6 PMPP þ Aadj=A0
X12
l
PPI½1;lMPP  11  PD
 
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
PMPP
: ðA8Þ
This shows, that in a worst case scenario, varying light
leads to a relative overestimation of the PMPP of
DPMPP 6 Aadj=A0; ðA9Þ
which is just dependent on the fraction of the area which is
aﬀected by varying light Aadj compared to the total area of
one subunit A0.
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